be inhibitory or excitatory, although the usual effect is inhibition (Davies and Dray, 1978; Duggan et al., 1977b Duggan et al., , 1981 RandiC and MiletiC, 1978; Sastry and Goh, 1983; Satoh et al., 1979; Zieglgtinsberger and Sutor, 1983; Zieglgansberger and Tulloch, 1979) .
Our laboratory has been investigating the transmission of nociceptive information by neurons belonging to the spinothalamic tract (STT) in the monkey and the modulation of that information by local spinal cord circuits and by pathways descending from the brain (Chung et al., 1979 (Chung et al., , 1984 Gerhart et al., 1981 Gerhart et al., , 1984 Trevino et al., 1973; Willis et al., 1974 Willis et al., , 1977 . The study of STT cells offers the advantage that the STT is likely to play an important role in signaling pain in humans, as well as in other primates (Noordenbos and Wall, 1976; Vierck and Luck, 1979 ; see review by Willis, 1985) and so changes in the activity of STT cells are of particular interest in the context of pain mechanisms.
We have in the past investigated the effects of different classes of drugs applied iontophoretically onto primate STT cells, including amino acids, monoamines, and several peptides (Jordan et al., 1978; Willcockson et al., 1984a, b) . The only opioid substances tested were methionine and leucine enkephalin (Willcockson et al., 1984b) , which produced a naloxone-reversible inhibition of STT cells. For the present investigation, we wished to examine the actions of other opioid substances. Since there are a number of different opiate receptors, as shown by physiological studies (Martin et al., 1976) , binding experiments (Chang et al., 1980; Fields et al., 1980; Kosterlitz et al., 1980; Lord et al., 1977) and smooth muscle bioassays (Hutchinson et al., 1975; Lord et al., 1977; Wtister et al., 1980) , we decided to try agents that appear to be agonists for each of several opiate receptor types. Morphine was used as an agonist for the p receptor, dynorphin for the K receptor, methionine enkephalinamide for the 6 receptor, and N-allylnormetazocine (SKF 10047) and phencyclidine for the u receptor (Chavkin et al., 1982; Huidoboro-Toro et al., 198 1; Quirion et al., 198 1; Z&in and Zukin, 1979, 198 1; see also reviews by Martin, 1984; Zieglginsberger, 1984) .
A preliminary report of our findings has been made (Willcockson et al., 1985) .
Materials and Methods
Experiments were conducted on 12 monkeys (Mucuca fmcicularis) weighing 2.0-3.5 kg. The animals were anesthetized initially with a mixture of halothane, nitrous oxide, and oxygen. A 60 mg/kg intravenous bolus of or-chloralose, supplemented during the course of the experiment with an infusion of sodium pentobarbital (4 mg/kg/hr), was used to maintain anesthesia. Gallamine triethiodide was employed to paralyze the musculature, and the animal was artificially ventilated. End-tidal CO, was maintained between 3.5 and 4.5%. Rectal temperature was regulated near 37°C.
Access to the lumbosacral spinal cord was provided by a laminectomy at vertebral levels L2 to L6 for recording from STT cells. Following craniotomy, a concentric bipolar steel electrode was lowered into the caudal portion of the ventral posterior lateral nucleus of the right thal- amus-VPL, nucleus of Olszewski (1952) . The location of the electrode was confirmed by recording potentials evoked by electrical stimulation of the left dorsal column and by mechanical stimulation of the left hindlimb. The thalamic electrode was then used to activate STT cells antidromically (Trevino et al., 1973) . STT cells were classified by their responses to innocuous or noxious mechanical stimulation of their receptive fields (Chung et al., 1979) . Low-threshold (LT) cells responded well to innocuous but poorly to noxious mechanical stimulation of the skin; wide dynamic range (WDR) cells responded to innocuous stimuli and to a greater degree to noxious stimuli; high-threshold (HT) cells were activated only by noxious stimuli.
Seven-or I-barreled glass microelectrodes were utilized for iontophoretic drug application and for recording from STT cells. A lowimpedance (< 2 MB measured at 1 kHz) carbon fiber in the center barrel of the array recorded extracellular activity (Anderson and Cushman, 1981) .
Drug concentrations and pH were as follows: L-monosodium-alutamate (GLU), 0.2 M, pH 8.5, morphine sulfate (MOR), 50 mM, pH 5; naloxone hvdrochloride (NLX). 50 mM. DH 4.5: dvnornhin A(l-13) fragment (DYN), 5 mM, pH 5.5; o-AlaZ~methion&enkephalinamide acetate salt (MKN), 12 mM, pH 5; (&)N-allylnormetazocine (NAM), 50 mM, pH 5; phencyclidine hydrochloride (PCP), 50 mq pH 5. All compounds were dissolved in sterile, deionized water (dH,O) except for DYN, which was made up in 20 mM acetic acid to attain a more acidic pH. The drugs were made up just prior to filling the barrels. All drugs were applied iontophoretically with cationic current, except GLU, which was expelled with anionic current. Retaining currents were kept at 7 nA. Current neutralization via a 0.2 M NaCl-filled balancing barrel was used during all drug applications.
The compounds were tested against the background activity of STT cells, GLU-evoked responses, activation by noxious mechanical stimuli (intermittent manual pinch or constant pinch with a small clip), or activity evoked by electrical stimulation of a nerve supplying the receptive field. GLU activation was achieved by pulsed release of GLU (1 O-25 nA) for 5 set at 10 set intervals. Drugs tested against GLU were iontophoresed continuously, usually over a 40 set period.
Extracellular spikes triggered window discriminator pulses, which were used by a computer to compile peristimulus time histograms. Control responses were compared to responses during the application of a test drug. The percentage change was calculated as [(number of impulses during 40 set test period/number of impulses during the 40 set control period) -I] x 100%. A greater than 20% change was considered significant, and individual cell response variability was considered.
Recording sites were marked by passing direct current through the carbon fiber. The sites were visible on histologic sections as microlesions.
Results
In all, 24 STT cells in 12 monkeys were tested for their responsiveness to iontophoretically applied opiate drugs. The STT cells were located in the dorsal horn at depths from the dorsal surface of the spinal cord ranging from 600 to 2000 pm. Nine of the STT cells were in superficial laminae, since they were at depths of 600-l 300 pm; lesions made by passing current through the recording microelectrode indicated that at least 4 of the STT cells were in or near lamina I. Other STT cells were in deeper laminae of the dorsal horn. Fifteen of the cells were at depths of 1500-2000 Km, and 7 marked recording sites were in laminae IV-VI. Threshold currents for activating the STT cells from the VPL nucleus of the thalamus ranged from 50 to 700 MA. Latencies of the antidromic action potentials were 3.0-l 1.6 msec, corresponding to axonal conduction velocities of 17-67 m/set (assuming a conduction distance of 200 mm). The receptive field of each STT cell was confined to the foot ipsilateral to the cell. The cells were classified according to their responsiveness to mechanical stimulation of the receptive fields. Two STT cells were LT cells, 12 were WDR cells, and 10 were HT cells. The WDR cells were distributed evenly between superficial and deep laminae of the dorsal horn, whereas in this sample 8 of 10 HT STT cells were at depths of 1700-2000 pm. Thus, in these experiments, most HT cells were in the deeper layers of the dorsal horn. No correlation was noted between drug effects and either cell classification or cell location.
GLU pulses were used to excite each of the STT cells. It was often necessary to make several tracks adjacent to a given STT cell in order to find the optimal site for GLU activation of the cell. Low thresholds for GLU excitation (at 5-20 nA) appeared to correlate with the amplitude of the antidromic spike, suggesting that it was necessary for the tip of the electrode array to be near the soma or proximal dendrites of the STT cell in order for GLU to have a strong action. Opiate actions were tested primarily by interacting iontophoretically released opiate drugs with the responses of the STT cells to pulsed iontophoretic release of GLU. The reason for this was the assumption that a change in responsiveness to GLU would reflect a postsynaptic action of the opiate drug (cJ: Zieglgansberger and Puil, 1973) . In some cases, drug effects were also tested on the responses of STT cells to electrically evoked volleys in peripheral nerves or to natural forms of stimulation of the receptive fields. The effects of the various opiate drugs employed are summarized in Table 1 .
Before considering the actions of iontophoretically released opiate drugs on STT cells in detail, 2 control procedures will be described. The possibility that iontophoretic current per se might have an effect on the responses of STT cells to GLU pulses was tested by passing current through a saline-filled barrel. The fact that current alone had no effect in these experiments (due to the fact that current neutralization was used throughout) is illustrated by the cell whose responses are shown in Figure 1 . The location of the STT cell and its receptive field are shown in Figure lA , along with the responses to graded mechanical stimulation of the skin. The cell was judged to be a WDR cell, although the response to tactile stimulation was small. The single pass peristimulus time histogram in Figure 1B shows that current passed through a saline barrel had no significant effect on the responses of the cell to pulses of GLU, even at the relatively high currents of 100 and 150 nA. Similar results were obtained for all 5 of the SIT cells tested.
It is known that iontophoresis of drugs dissolved in solutions at low pH can result in the excitation of neurons due to the release of hydrogen ions, apart from any drug effects (Curtis, 1964) . Therefore, another control procedure was done to determine the effect of hydrogen ions. Although none of the drugs used in this study was in a solution having a pH of less than 4.5, we tested the effect of iontophoretic currents passed from an electrode barrel that contained an HCl solution having a pH of 3.5. In Figure 1 C, it can be seen that an STT cell was unaffected by a current of 50 nA, but there may have been a slight excitation when the current was increased to 100 nA. Comparable experiments in which iontophoretic currents were passed using solutions of HCl at pH 3.5 had no significant effect on 5 of 7 STT cells examined, but there was a slight excitation of the other 2 cells when the currents used were 100 to 150 nA.
Efects of morphine on STT cells MOR released iontophoretically near 19 different STT cells had an effect on 18. In most cases, the threshold current for MOR action ranged from 7 to 50 nA, but in 2 cases the threshold exceeded 100 nA.
The most common action of MOR on STT cells was inhibition, as demonstrated by a reduction in the sizes of the bursts of activity produced by pulses of GLU. Inhibition of this kind was seen in recordings from 10 STT cells. The response of an STT cell could be reduced by as much as 98%, although the reduction was usually in the range of 20-70% (for 7 cells). The inhibition was apparent within 20 set after the start of the MOR current (2 cycles of GLU pulses), but the duration of the MOR action varied. Sometimes the action of MOR was over within 10 set after the current was terminated, but in other instances, the action continued for as long as 4 min. Usually (8 cells), recovery took 10-80 sec. Biphasic inhibitory actions were observed for 3 STT cells. These were characterized by a rapid onset of inhibition, with partial recovery within 20 set after termination of the MOR current, followed by a stronger inhibition (54-89%) that lasted for as long as 2.5 min.
An inhibitory action of MOR is shown in Figure 2 (same STT cell as illustrated in Fig. 1 ). In Figure 2A , MOR released with a current of 75 nA is shown to reduce the response of the cell to pulses of GLU (15 nA) within 20 set of current application, and the inhibition lasted about a minute after the MOR current was terminated. The effect of MOR was also tested on the response of this cell to volleys in the A and C fibers of the tibial nerve (Fig. 2B) . The current strength used was 100 nA, and it V Ieel can be seen from the poststimulus time histogram in the center of Figure 28 that MOR was particularly effective in reducing the late components of the response. A similar inhibition of the responses of STT cells to afferent volleys in C fibers of a peripheral nerve was observed in 2 of the 6 neurons tested; there was a biphasic effect in 1 case and no effect in another (Table  1) . MOR had an excitatory action on 5 STT cells. The GLLJ responses were enhanced, often progressively, over a period of some 60 set (in 4 cells). The background activity of the cell could also be increased by MOR. Examples of the excitation of 2 STT cells are given in Figures 3 and 4 . Figure 3A shows the location of the recording site, the receptive field, and the responses to graded strengths of mechanical stimulation. The STT neuron was classified as an HT cell. Figure  38 shows the prolonged enhancement of the responses of the A, Receptive field, recording site, and responses of the cell to graded intensities ofmechanical stimulation. MOR (25 and 50 nA) is seen to enhance the responses of the cell to GLU pulses (B) and background activity (MOR, 50 nA) (C'). Iontophoretically applied naloxone (NLX, 50 nA) antagonized the action of MOR both during NLX application (0) and 2.5 min afterwards (E), but the effect of MOR recovered at least partially by 10 min Q. cell to GLU pulses that resulted from the iontophoretic release of MOR with currents of 25 and 50 nA. Note that the GLU responses had not fully recovered from the effects of MOR at 25 nA before the higher dose was given. Note also that MOR enhanced the background activity of the cell, as well as its responses to GLU pulses. The effect of MOR on background activity alone is shown in Figure 3C . Figure 4 shows the excitation of another STT cell by MOR. Figure 4A shows the recording site, receptive field, and responses of the neuron to graded intensities of mechanical stimulation. The neuron was classified as a WDR cell. Figure 4B shows the enhancement of the responses of the STT cell to GLU pulses produced by iontophoretic release of MOR (15 nA). The background activity was also increased during MOR application. When MOR was applied for a longer period of time, the change in background discharge rate was biphasic, with an initial enhancement followed by a reduction. Enhancement of the discharges produced by C fiber volleys could also be demonstrated. The histogram in Figure 4C consists of a series of C fiber responses that were integrated and plotted as vertical lines (see Chung et al., 1984) . The iontophoretic application of MOR (25 nA) resulted in an increase in the sizes of the responses to the C fiber volleys. The responses of the same neuron to repeated squeeze stimuli are shown in Figure 40 . During MOR application (25 nA), the responses were increased, as was the background activity. C fiber responses were also enhanced in one other STT neuron of the 6 tested ( Table 1) .
Sequences of inhibition and excitation were produced by MOR in 9 cases. In 6 cells, inhibition was followed by excitation (for example, see Fig . 5B); in 2 cells, there was inhibition, excitation, and then inhibition; finally, in 1 cell there was excitation followed by inhibition.
In 7 of the 18 STT cells in which MOR had an effect, 2 or more of these patterns could be observed while recording from the same STT cell. The effect of MOR could be changed in many cases by altering the position of the microelectrode array with respect to the cell. Changing the vertical position ofthe electrode assembly did not seem to alter the qualitative effect of MOR. However, it was found that moving the electrode assembly in the horizontal plane resulted in a change in the pattern of response to MOR in 6 of 7 cells. In another 3 cells, the pattern of response changed when the amount of current applied through the MOR barrel was altered. Figure 5 shows an example of an STT cell whose responses to MOR were altered by a shift of electrode position. The location of the cell, its receptive field, and its responses to graded mechanical stimulation of the skin are seen in Figure 5A . The cell was classified as a WDR neuron. With the electrode array in the initial position, there was a sequence of inhibition followed by excitation in response to 50 and 100 nA of MOR (Fig.  5B) . When the electrode was moved to an adjacent track, the release of MOR by 25 and 50 nA of current produced just an inhibition (Fig. 5C') , and this appeared to be somewhat stronger than the inhibition seen at the first position. When the electrode array was moved to still another location, inhibition followed by excitation was again observed (Fig. 5D) .
In addition to its inhibitory and/or excitatory effects, as demonstrated by changes in the amplitudes of the responses to GLU pulses, MOR could affect the action potential generator of STT cells. One effect on action potential generation with high iontophoretic current strengths was a reduction in amplitude and an increased duration of both antidromic and synaptically driven spike potentials. This effect was seen both in STT cells that were inhibited and in cells that were excited by MOR. An important technical aspect of this finding was the necessity for careful monitoring to ensure that the spike potentials remained within the window of the window discriminator while histograms were being compiled during iontophoretic application of MOR. A second effect of MOR in some neurons was the triggering of burst discharges during MOR application. This effect often considerably outlasted the duration of MOR release.
The STT cells did not appear to become tolerant to the effects Vol. 6, No. 9, Sep. 1986 A B MOR 100nA Action of naloxone Naloxone (NLX) released iontophoretically with a sufficiently strong current had an agonistic action on STT cells. The effects of NLX were tested on 15 STT cells, and there was a significant action on 14 of these. Thresholds for effects ranged from 15 to 50 nA. The most common effect of NLX on the discharges evoked by pulses of GLU was an inhibition (up to 85%). This was seen in 12 cases. Other actions included inhibition followed by excitation (2 cells), excitation (3 cells), and excitation followed by inhibition (1 cell). In several instances different actions were seen when NLX was applied from 2 or more electrode positions (this was seen in 4 of 7 cells in which this was examined). In another case, NLX had different effects when the current was low (excitation) than when it was high (inhibition). NLX effects could also be demonstrated by using the responses to noxious stimuli or to peripheral nerve volleys as a test. These NLX actions were mostly inhibitory.
An attempt was made to determine if iontophoretically applied NLX could antagonize the actions of MOR. Since NLX could have an action of its own, the current strength used to release NLX had to be reduced to the point that NLX itself had little or no action on the responses to GLU pulses. NLX was released before MOR application was begun, and then both drugs were released together. NLX appeared to antagonize the inhibition produced by MOR in 4 of 7 cells. However, it was possible to demonstrate recovery of the MOR action in only 1 case. NLX appeared to antagonize the excitatory effects of MOR on 2 STT cells (all cases tested). Partial recovery was seen within about 10-l 5 min.
An example of the antagonism of the excitatory action of MOR by NLX is shown in Figure 3 . The excitation produced by MOR alone is shown by the increased sizes of the responses to GLU pulses in Figure 3B . In Figure 30 , NLX alone had little effect, but it reduced the excitation expected from MOR. When MOR was applied again after 2.5 min, it had almost no effect, as shown in Figure 3E . By 10 min after NLX application, MOR again had some excitatory action, as seen in Figure 3F , indicating partial recovery.
Efects of dynorphin
The action of DYN was evaluated on 13 STT cells. DYN affected the activity of all of these cells at thresholds between 15 and 50 nA. The predominant effect was inhibition (9 cells). GLU-evoked responses could be inhibited by as much as 98% during iontophoretic application of DYN. Inhibition began within 10-40 set, but maximum inhibition was sometimes delayed to as long as 3 min. Recovery after termination of DYN application required from 40 set to 5 min.
An example of a neuron whose responses to GLU pulses were inhibited by DYN is illustrated in Figure 6 . The recording site, receptive field, and responses to graded strengths of mechanical stimulation are shown in Figure 6A . The cell was an HT neuron. The action of MOR (60 nA) is shown in Figure 6B . There was a transient enhancement of the GLU response, followed by a long-lasting inhibition. DYN was then applied, with the effects shown in Figure 6 , LSF. A current of 25 nA produced only a small reduction in the GLU responses (9%), but 50 nA caused a slowly developing and prolonged inhibition. The peak inhibition (9 1%) had not been reached by the end of the histogram collection period (Fig. 6D) , and so 2 additional histograms (Fig.  6 , E, F) were compiled to show the very long time course of recovery of the responses of this cell to GLU pulses.
In 3 cases, the effects of DYN were tested on the responses of STT cells to noxious mechanical stimuli. The responses of 2 cells were inhibited, in the third there was no effect. The responses to volleys evoked by electrical stimulation of a peripheral nerve were unaffected by DYN in the 4 cases examined.
An excitatory action of DYN was observed in 4 cases. The maximum excitation occurred within 30 to 60 set, and recovery required 30 set to 3 min. An example of an excitatory action of DYN is given in Figure 7 . The location of the recording site, receptive field, and responses of the STT cell to graded strengths of mechanical stimulation are shown in Figure 7A . The cell was classified as an HT neuron. Iontophoretic application of DYN (15 nA) resulted in a slowly developing excitation, as shown in Figure 7B .
Responses to iontophoretic application of DYN other than pure inhibition were also seen. In some cases, there were mixed effects. For example, inhibition followed by excitation occurred in 4 cells. A sequence of inhibition, excitation, and then inhibition was observed in 1 case. Excitation followed by inhibition was found in 3 instances.
A @a DYN had different actions on 6 STT cells depending on the position of the electrode array (2 cases) or on the strength of the DYN current (all 6 cells). For instance, in the case of the STT cell whose responses are shown in Figure 6 , moving the electrode assembly to a different location changed the response to DYN from inhibition to excitation followed by inhibition (cf: Fig. 6, D with c) . For the STT cell whose responses are shown in Figure 7 , raising the DYN current from 15 to 75 nA converted the excitatory response to a sequence of inhibition followed by excitation (cf: Fig. 7 , B with CT).
Although MOR and DYN sometimes had similar effects, this was not the usual finding. Comparable effects were seen at a given electrode position for the 2 opiates in only 3 of 10 cases tested. In fact, both similar and different effects could be ob-BE s0 Also shown are changes in the responses of the cell to pulses of GLU due to release of MOR (75 nA, B) or DYN (50 nA, c) at one recording site. MOR had an inhibitory followed by an excitatory action and DYN an excitatory one. D and E, Effects of the same agents when released at a different recording site. Now both substances produced a delayed excitatory action. Figure 8A shows the recording site, receptive field, and responses of the cell to graded intensities of mechanical stimulation. The cell was classified as an HT neuron. With the electrode assembly in one position, MOR applied iontophoreticahy (75 nA) caused an initial inhibition of the cell, followed by excitation (Fig. 8B) . By contrast, DYN (50 nA) produced a powerful and long-lasting excitation (Fig. 8C) . When the electrode array was moved to a position in a parallel track, both MOR and DYN produced a delayed excitation (Fig. 8, D 
, E).
Antidromic and orthodromic action potentials could be reduced in size and broadened by DYN in much the same fashion as by MOR. This change in spike configuration was seen whether DYN produced a decrease or an increase in the responses of the cell to GLU pulses or in background activity. DYN also caused bursting activity that outlasted the current application in 8 of 13 cells. A tolerancelike reduction in DYN effects was observed in only 1 cell. A cumulative inhibition of GLU responses after serial DYN application was seen in 4 of 13 cells observed.
The possible effect of NLX in antagonizing DYN inhibition of the responses of STT cells to GLU pulses was tested on only 2 cells. No effect of NLX was noted.
Action of methionine enkephalinamide
The iontophoretic release of MKN reduced the responses of STT cells to GLU pulses in all 3 cases examined. Thresholds ranged from 25 to 75 nA. Maximum inhibition was seen within 20 to 80 set after the MKN current was begun and full recovery occurred. In 1 case, there was a purely inhibitory action at one electrode position, but a sequence of inhibition followed by excitation when the electrode assembly was moved to another position.
An example of the inhibition of an STT cell by iontophoretic application of MKN is illustrated in Figure 9 . The recording site, receptive field, and responses to graded intensities of mechanical stimulation are shown in Figure 9A . The cell was classified as a WDR neuron, MKN (75 nA) caused a substantial inhibition of the responses of the cell to GLU pulses, and the inhibition outlasted the period of drug application by more than 2 min.
MKN inhibited the responses of the 2 cells tested to noxious mechanical stimulation, and it produced more of a reduction in the responses of 1 cell to volleys in A6 and C fibers than to volleys in A@3 fibers following electrical stimulation of a peripheral nerve. The effect of MKN on the responses of an STT cell to repeated squeezing of the skin with forceps is shown in Figure 9D . Note the similarity in the time course of the inhibition of the responses to pinching and of the responses to GLU pulses (cf: Fig. 9, D with B) .
The ability of iontophoretically applied NLX to antagonize the inhibition produced by MKN was tested on only 2 cells. There appeared to be some antagonism in 1 case, but recovery was not observed. NLX had no effect on the inhibition produced by MKN in the other case.
MKN reduced the action potentials of 1 STT cell. However, this action appeared to be weaker than was seen when MOR or DYN were tested. There was no obvious development of tolerance of the cells to MKN's effect after repeated application.
Efects of phencyclidine and SKF 10047
The action of the u receptor agonists PCP and NAM was generally inhibitory. PCP inhibited all 8 cells that were tested, and the inhibition was strong (up to 99%). Thresholds ranged from 7 to 50 nA. The inhibition outlasted the period of current application by 10 to 40 sec. An example of the inhibitory effect of PCP is shown in Figure 9C . The inhibition increased with increasing dose (7 vs 15 nA).
PCP inhibited not only the responses of STT cells to GLU pulses, but also the responses to noxious mechanical stimuli. This was found in all 3 cells tested. Figure 9E shows that PCP (15 nA) could produce an inhibition of the responses of this STT cell to repeated squeezing of the skin. PCP also inhibited the responses of 3 STT cells to volleys in A and C fibers evoked by electrical stimulation of a peripheral nerve.
MOR and PCP had similar effects on 5 STT cells. DYN and PCP could have similar effects, but, in some cases, DYN both inhibited and excited, while PCP inhibited a given STT cell. These 2 drugs were tested on 4 cells. MKN and PCP both inhibited 3 cells, although the strength and duration of the inhibitions differed.
NAM, another (r receptor agonist, had effects that were similar to those of PCP. All 3 SIT cells that were tested showed inhibition by NAM. Thresholds were between 7 and 25 nA. In 1 case, NAM produced inhibition, inhibition followed by excitation, or excitation alone, depending upon dose and electrode position. Figure 10 shows the inhibition of an STT cell (same cell shown in Fig. 7 ) by both NAM and PCP. In this case, NAM had a stronger inhibitory reaction than PCP, and the inhibition by NAM was followed by facilitation. MOR also inhibited this cell.
NLX did not seem to antagonize the inhibitory effect of PCP in 3 of 4 cases. In the other case, there was an antagonism, and this recovered in 10 min.
Both PCP and NAM could cause a reduction in and broadening of the anti-and orthodromic action potentials of SIT cells. No tolerancelike effects to PCP were observed.
Discussion
The present study was designed to further our understanding of the mechanisms of opiate analgesia by examining the action of several opiate agonists applied iontophoretically onto cells of the primate STT. Agonists of all of the opiate receptor subtypes tested (p, K, 6, c) had effects on these cells. The predominant action was inhibitory, confirming previous observations of opiate effects on dorsal horn nociceptive neurons (see reviews by Duggan and North, 1984; Zieglg%nsberger, 1984) and our own study of the action of enkephalin on STT cells (Willcockson et al., 1984b ).
However, we found that some agonists, especially MOR and DYN, could have an excitatory effect and that a given neuron could respond in different ways to a single drug, depending upon the position of the iontophoretic electrode array or on the iontophoretic current strength. Figure 7 . Iontophoretic application of either PCP (50 nA) or NAM (50 nA) reduced the responses of the cell to GLU pulses. Willcockson et al. Vol. 6, No. 9, Sep. 1986 types are present on different parts of the dendritic tree of a given neuron (cf: Zieglgansberger et al., 1982) and that these may have either an inhibitory or an excitatory action, depending upon the opiate receptor type. The ~1 and K agonists (MOR, DYN) were the most likely to have excitatory actions, whereas 6 (MKN) and (r agonists (NAM, PCP) were almost always inhibitory. Several alternative hypotheses have been used to explain the variable effects of opioid substances on dorsal horn neurons. These have included differential effects on non-nociceptive versus nociceptive cells (Belcher and Ryall, 1978; Calvillo et al., 1974 Calvillo et al., , 1979 Einspahr and Piercey, 1980; Le Bars et al., 1975) ; contrary actions on cells lying in different laminae (Juma and Grossman, 1976; Sastry and Goh, 1983; Woolf and Fitzgerald, 198 1) ; control of nociceptive cells located deeper in the dorsal horn by opiate actions on dendrites or on other neurons located more superficially (Davies and Dray, 1978; Duggan et al., 1977a, b, 198 1; Sastry and Goh, 1983; Woolf and Fitzgerald, 1981) ; blockade of receptors mediating excitatory or inhibitory actions of other neurotransmitters Pomeranz, 1973, 1976) ; and toxic effects related to high concentrations of drugs emitted from iontophoretic electrodes . We did not note any differences in opiate effects on STT cells at various depths in the dorsal horn, nor were there any obvious differences in the responses of LT, WDR, or HT STT cells. However, our sample size was not large enough to draw firm conclusions. Although we are attracted by the idea that the excitatory actions of opioids on some STT cells might be due to particular opiate receptors, we certainly cannot exclude the possibility that the release of an opioid substance caused the inhibition of a neighboring tonically active inhibitory intemeuron (cf: Zieglgansberger et al., 1979) , resulting in a disinhibition. Another possibility is that DYN may sometimes act as an opiate antagonist (W. Zieglgansberger, personal communication) . This opens the possibility that DYN might reduce tonic opiate action and produce disinhibition in this way.
We presume that most of the effects we observed can be accounted for by a postsynaptic action of opioid substances, since we have relied heavily on changes in the responses of STT cells to GLU pulses to indicate an action of an iontophoretically applied drug (Zieglgansberger and Bayerl, 1976; Zieglgansberger and Puil, 1973; review by Zieglgansberger, 1984) . Opiate actions at postsynaptic sites have also been suggested by electrophysiologic (Barker et al., 1978; Dostrovsky and Pomeranz, 1973; Sutor and Zieglgansberger, 1984; Zieglgansberger and Bayerl, 1976; Zieglgansberger and Tulloch, 1979) and immunocytochemical (Aronin et al., 1981; Hunt et al., 1980; Ruda et al., 1984 ) studies by others. Several different postsynaptic actions have been proposed, including a blocking action on chemically activated sodium channels (Barker et al., 1978 (Barker et al., , 1980 Zieglgansberger and Bayerl, 1976; Zieglgansberger and Tulloch, 1979) , an increased potassium conductance (Yoshimura and North, 1983) and an increased chloride conductance (Barker et al., 1980) . In addition, there is evidence for a presynaptic action of opioid substances (Aronin et al., 198 1; Fields et al., 1980; Jesse11 and Iversen, 1977; LaMotte et al., 1976; MacDonald and Nelson, 1978; Mudge et al., 1979; Sastry, 1979) . Besides these actions at the level of synapses on nociceptive neurons, there is a nonspecific "local anesthetic" action of opiates on the spikegenerating mechanism (e.g., Hu and Rubly, 1983 ; see review by Zieglgansberger, 1984) . This was presumably responsible for the reduction in height and broadening of the anti-and orthodromic spike potentials in STT cells when large iontophoretic currents were used to apply MOR, DYN, and other opioids in these experiments and in similar studies reported by others (Zieglgansberger and Bayer& 1976) . Barker et al. (1980) report an elevated threshold for spike generation following enkephalin application to cultured neurons. This was presumably an opioidspecific effect because it could be prevented by naloxone.
Variations that were observed in opiate effects with repeated doses could sometimes be explained by prolonged actions or by reduced clearance of serially applied drugs, which could alter the effect of compounds applied later. For example, cumulative reductions of GLU-induced activity were sometimes noted with repeated applications of MOR or DYN. Qualitative differences in effect were nearly always associated with either a change in electrode position or in dose. There was little evidence for the development of tolerance.
In many of the experiments, an effort was made to test for the ability of locally applied NLX to prevent the effect of opioid substances applied iontophoretically onto STT cells. It was possible to demonstrate interference by NLX with the excitatory or inhibitory effects of MOR and MKN in some instances, although recovery from the NLX could not always be shown. NLX did not seem to have an antagonistic effect on the inhibition of 2 STT cells by DYN nor in most cases by PCP. In general, we found the use of iontophoretically applied NLX unsatisfactory for several reasons. The concentration of naloxone at the level of the opiate receptors is, of course, unknown and poorly controlled with this route of administration. This problem is exaggerated when agonists acting on a variety of opiate receptors having differing susceptibilities to NLX are being tested. Furthermore, when NLX was applied with a large iontophoretic current, the drug generally produced actions of its own, often of the same kind as produced by the opioid substance being tested (cf: Gruol et al., 1980) . The observations of others support the idea that the antagonistic effects of naloxone are probably better demonstrated by systemic than by iontophoretic administration (Calvillo et al., 1974 (Calvillo et al., , 1979 Davies and Dray, 1978) .
It was interesting that the (r receptor agonists, NAM and PCP, had strong inhibitory effects on STT cells when applied iontophoretically. Others have noted that NAM and PCP can inhibit dorsal horn intemeurons (Anis et al., 1983; Berry et al., 1984) , and (T binding sites have been demonstrated in the spinal cord (Quirion et al., 198 1; Zukin, 1979, 1981) . NAM is a weak analgesic (Martin et al., 1976) , but PCP and the related compound, ketamine, are anesthetics. Although the inhibitory effects of NAM and PCP on STT cells are likely to have been produced by an action on u opiate receptors, this is uncertain, since these agents also have pharmacological actions on other transmitter systems (Anis et al., 1983; Garvey and Heath, 1976; Johnson and Hillman, 1982; Smith et al., 1977; Taube et al., 1975; Vincent et al., 1978) .
The results of this study are consistent with the suggestion that the different endogenous opioid substances found in the spinal cord may produce their effects through actions on different types of opiate receptors (Yaksh, 198 1) . However, proof of this awaits further testing with more specific agonists and antagonists.
